High level ab initio results on the interaction between H 2 and graphite have recently become available, and in this paper, H 2 -graphite potentials have been fitted to model such interactions. The popular Lennard-Jones formula is found to be inadequate, and its strong repulsive part must be replaced to fit the full range of interactions, from the long range attraction to the short range repulsion. Two isotropic empirical forms are obtained, and both produce excellent fit to the ab initio results and should provide good description for the interactions between hydrogen and graphitic materials, both in the physisorption and the high pressure regimes. Our calculations also show that density functional theory is inadequate to describe the H 2 -graphite interactions in high pressure. The newly obtained exp-6-8-10 is also applied to the problem of trapping H 2 in graphite, and the calculated critical pressure is considerably higher than that obtained before by density functional theory calculations.
I. INTRODUCTION
The interaction between molecular hydrogen and graphite is important because it is a model for many types of interactions between hydrogen and graphitic materials. The promises of such materials for the storage of hydrogen as a clean fuel for mobile applications have aroused much interest, especially in the case of carbon nanotubes. [1] [2] [3] For physisorption based methods, the adsorption energy and equilibrium distance due to van der Waals interaction are among the crucial factors that determine the storage capacity. 4, 5 The repulsive region of the van der Waals potential is also important to understand the behavior of hydrogen in high density states, either by the confinement achieved in nanocavity or by the application of high pressure. [6] [7] [8] [9] It is well understood that the van der Waals potential for molecular hydrogen is weak, compared to other typical gas molecules, due to the fact that there are only two electrons on H 2 in a compact molecular orbital produced by the linear combination of two 1s atomic orbitals. 10 For the interaction between hydrogen molecules, experimental data over a wide range of temperature and pressure are available for fitting an empirical potential energy surface ͑PES͒. 10, 11 For the interaction between a hydrogen molecule and a solid surface such as graphite, first principles calculations are often needed. The flat and simple two-dimensional structure of graphite provides an ideal model to compute, validate and test the PES, which could then be adapted for other graphitic materials. For plane wave based density functional ͑DFT͒ theory calculations, a graphene layer is easily modeled as a twodimensional periodic structure. 12 For Gaussian based ab initio calculations, a graphene layer is usually modeled in a cluster model by polycyclic aromatic hydrocarbons ͑PAH͒. [13] [14] [15] [16] [17] However, it is nontrivial to get the H 2 -graphite interaction potential right. DFT is known to be inadequate for the modeling of van der Waals interactions. Typically, the adsorption energy is overestimated and the equilibrium distance is too short for results obtained within local density approximation ͑LDA͒. On the other hand, the adsorption energy is underestimated and the distance is too long when gradient corrections are added to the functional. 18 The DFT calculation results for the H 2 -graphite system also fit such a general pattern, for both plane wave based 12 and Gaussian based methods. 14, 16 More reliable results can be obtained by ab initio methods, with post-Hartree-Fock treatment, 13, 14, 16 although a number of factors must be carefully considered and analyzed, including the size of basis sets, the size of PAH rings, basis set superposition errors ͑BSSE͒, and the methods of post-Hartree-Fock treatments for electron correlation effects. 13, 14, 16 After all, the adsorption energy of H 2 on graphite surface was estimated experimentally to be just above 50 meV, 19 which was a challenge to reproduce with ab initio calculations when a reasonably large PAH was used as a model for graphene. To date, the most elaborate calculations were performed at the MP2 level with a large aug-ccpVTZ basis set, by Ferre-Vilaplana 13 and by Heine and co-workers. 14 The adsorption energy of H 2 on a coronene model for graphene was found to be 0.066 eV ͑Ref. 13͒ and 0.064 eV, 14 respectively, which provided a consistent ab initio description of the depth and shape for the physisorption well.
Another important part of the PES is in the repulsive region. In correspondence to the weak adsorption of H 2 , its repulsive potential is also weaker than typical gases, which makes molecular hydrogen highly compressible. 10, 11 For storage purpose, the properties of molecular hydrogen in high density states have aroused interests in recent studies. [6] [7] [8] [9] Based on LDA calculations, our group identified a state of confinement at GPa pressure and low temperature ͑100-200 K͒, in which a hydrogen molecule was sandwiched between two hexagonal rings on two graphene sheets. 8 More recently, van den Berg and co-workers have systematically compared DFT and force field calculations for molecular hydrogen under high pressure in nanoporous siliceous materials, 9 and found significant discrepancy between DFT and force field results.
These results raised an interesting and important question: while it is well understood that DFT is inadequate for the attractive region of the H 2 -graphite potential, is DFT suitable for the repulsive region? It should also be noted that using a Lennard-Jones potential to describe the repulsive interactions between H 2 and graphite in force field calculations 9 could also be problematic, because such a potential is known to be inadequate for the experimentally measured full range of interactions between two hydrogen molecules. 10 In recent ab initio studies, 13,14 the interaction energy between H 2 and graphite was calculated over both the attractive and repulsive regions at high accuracy with post-HartreeFock treatment and large basis sets. It is worthwhile to parametrize these results into an empirical formula, which should be very useful in future simulations for both the physisorption and the high density state of hydrogen. Such a PES also provides an independent check on the quality of both the DFT and force field calculations reported before. 8, 9 II. COMPUTATIONAL DETAILS
A. PES fitting
A H 2 molecule is treated as a structureless particle, and the interaction between H 2 and a graphene layer is modeled by the summation over H 2 -C pair potentials. Three types of potentials are fitted and compared in our study. The simplest one is of course the Lennard-Jones ͑12-6 LJ͒ potential, which has been very popular among computational studies on the interaction between H 2 and carbon materials. A more complicated form is similar to the one proposed by Ahlrichs et al. as a universal form for closed shell systems,
͑1͒
which has been successfully applied to model H 2 -H 2 interaction, 10 and shall be called exp-6-8-10 potential hereafter. The last potential considered is the Buckingham exp-6 LJ form of the 12-6 LJ potential ͑labeled as exp-6 LJ͒,
which has also been recently used in the study of hydrogen storage. 15 In all these formula, r refers to the distance between H 2 and a carbon atom. The formula is fitted by the generalized-simulated-annealing method. 21 Two sets of ab initio data are used as target values. The first is the H 2 -coronenen PES obtained by Ferre-Vilaplana at the MP2/aug-cc-pVTZ level, which will be referred to as the FV curve. 13 As H 2 is positioned above the center of the seven aromatic rings in coronene, its interactions with the 12 hydrogen atoms at the edge of coronene are negligible, and thus taken as zero. The interaction between a H 2 and an infinite graphene can be modeled by further increasing the size of the PAH so that the edge carbon atoms are beyond the cutoff distance for van der Waals interaction. In this case, the adsorption energy of 0.075 eV, extrapolated from the ab initio results by Heine and co-workers, are used as the target value.
14 Such an adsorption energy is slightly higher than the experimentally determined value of 0.051 eV which was measured at 100 K and underestimated due to temperature effects.
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B. First principles calculations
To further compare the trend in the repulsive part of the PES, additional ab initio calculations are performed, with the GAUSSIAN 03 package. 22 The graphene is modeled by a coronene molecule. The methods for the electronic calculation include both MP2 and DFT with various functionals. The basis set is 6-31G for geometry optimization and aug-ccpvdz for the calculation of single point energy, which is further corrected by BSSE. To save computational cost, the qualities of such basis sets are not as good as those in previous reports. Our limited purpose for these calculations is to compare the trends in the repulsive region, rather than to reproduce the well-studied equilibrium region.
C. Confinement of H 2 in graphite
The free energy change for trapping H 2 between graphite layers, as suggested in a previous LDA study, 8 is reexamined using the empirical PES obtained. The change is defined by the free energy difference between the sandwiched structure with one H 2 trapped by two hexagonal rings, 8 and the free H 2 gas plus pure graphite. Graphite is modeled by stacking up graphene sheets, each of which is a two-dimensional extension of hexagonal carbon rings, in a periodic unit cell of 29.5 Å ϫ 25.5 Å ϫ 32.3 Å with 2880 atoms. The simulation cell for pure H 2 gas contains 2400 molecules. For the intercalated system, the initial structure is built by enlarging the layer spacing between adjacent graphite layers and setting one H 2 molecule above each hexagonal ring. The simulation cell is about 29.7 Å ϫ 25.7 Å ϫ 29.4 Å in size and contains 720 H 2 molecules and 1440 carbon atoms.
In present calculations, the energy and volume of H 2 are obtained by canonical molecular dynamics ͑MD͒ simulations at 200 K, in which temperature is controlled by a Nosé-Hoover thermostat. 23, 24 The entropy of H 2 is taken from experimental value. 25 The volume and energy change of pure graphite and H 2 intercalated graphite under external pressure are calculated at 0 K using standard constant pressure MD techniques. [26] [27] [28] The periodical boundary condition is used in all current simulations.
The interaction between H 2 is modeled by the SilveraGoldman potential, 29 widely used in many studies. 10 The cutoff for H 2 is 12 Å. The Tersoff-type many-body potential 30 with the parameters given by Brenner 31 is used for the covalent interactions between carbon atoms. This potential has been widely applied to simulate diamond, graphite, carbon nanotubes and many hydrocarbon complexes. [32] [33] [34] [35] [36] [37] The inter-layer van der Waals interaction between two carbon atoms are modeled by the LJ potential, V vdW = C 12 / r 12 − C 6 / r 6 , where C 6 =20 eV Å 6 and C 12 = 2.48ϫ 10 4 eV Å 12 . 38 This approach has been successfully used to describe the mechanical properties and the phase transition of isolated DWCNT. 39 The cutoff of 12-6 LJ potential is set as 12 Å.
III. RESULTS AND DISCUSSIONS
A. Comparison among ab initio results in the repulsive region
Many comparisons have already been made for the H 2 -coronene interaction curve among various first principles methods around the equilibrium region. 13, 14, 16 For the compression of H 2 , the equilibrium distance and the slope in the repulsive part of the potential are more important than the adsorption energy. For that purpose, the PES obtained by a number of ab initio calculations are shown in the lower panel of Fig. 1 , together with the FV curve, with the minimum energy for each curve set to zero. As expected, only the MP2/aug-cc-pvdz curve reproduces equilibrium distance between H 2 and graphene, while LDA significantly underestimates the distance, and both PW91 and B3LYP overestimate it.
More illustrative is the upper panel of Fig. 1 , in which the x axis is the ratio between H 2 -graphite distance and the equilibrium distance, to highlight the difference in the repulsive part of the PES. The repulsion part in the PW91 curves is considerably softer than that in the FV curve, and the same is true for the B3LYP curve not shown in the figure. The gradient corrected functionals thus produce a shallow adsorption well, and at the same time, a less repulsive potential below the equilibrium distance. On the other hand, the LDA curve is in reasonable agreement with the FV curve in the repulsive region and only slightly stiffer, despite the fact that H 2 is overbound on graphene according to LDA results. It is clear from such comparisons that the gradient corrected functionals are not suitable for the study in high pressure. However, whether the LDA functional is adequate remains an open question. As for the comparison between MP2/aug-cc-pvdz and the FV curves, the agreement between the two is quite good.
B. Potential fitting
Both the exp-6-8-10 and exp-6 LJ formula produce excellent fit to the FV curve, for both the equilibrium and the repulsive regions, as shown in the top panel of Fig. 2 . The parameters are shown in Table I , while the equilibrium distance and adsorption energy are shown in Table II . The MP2/ aug-cc-pvdz curve is again shown along side the FV curve. Although it differs slightly from the FV curve in the equilibrium region due to the smaller basis set, there is good agreement between the two in the repulsive region.
In contrast, it is difficult to fit the 12-6 LJ potential to the ab initio calculated PES, be it either the FV curve or the MP2/aug-cc-pvdz curve, although such a potential has been employed in a number of previous studies on the interaction between hydrogen and carbon materials. [40] [41] [42] [43] [44] As illustrated in the lower panel of Fig. 2 by the fitting for the MP2/aug-ccpvdz curve, the PES reproduces the repulsive part reasonably, when all the data points of the MP2/aug-cc-pvdz results
FIG. 1.
The ab initio PES for the interaction between H 2 and coronene. In both panels, the minimum energy is set at zero for all curves, while in the upper panel, the x axis is the ratio between the H 2 -graphite distance and the equilibrium distance. For the DFT based calculations ͑LDA and PW91͒, the basis set is 6-31G, while for the MP2 calculation, the basis set is aug-cc-pvdz. are used. Unfortunately, the fit in the equilibrium and long range regions is far from satisfactory. This fit is labeled as ͓0.1:6.0͔ to indicate the range of distance for the data points from 0.1 to 6.0 Å, in which the equilibrium distance is artificially moved to 1 Å and the minimum energy to zero for better comparison. When the fitting is made to the long range part, a much stiff repulsion is obtained ͑e.g., dash-dotted line, ͓1.0:5.0͔͒. On the other hand, a good fit to the short range part produces too deep an adsorption well ͑long-dashed line, ͓0.1:1.0͔͒. And finally, when the fit is focused on the part near the minimum, the absorption well is too shallow ͑short-dashed line, ͓0.7:1.3͔͒. Similar problems are encountered while fitting all the other ab initio PES. For the interaction between two hydrogen molecules, it has been well known that LJ potential is inadequate. 10 The same is true for the H 2 -graphite interaction, and the LJ potential is inadequate to describe the full range ab initio results covering both the attractive and the repulsive regions.
In Table II , the equilibrium distance and adsorption energy for the H 2 -coronene and H 2 -graphene systems are compared among the exp-6-8-10, exp-6 LJ, and 12-6 LJ PES, as well as with the ab initio results and the 12-6 LJ PES reported before. [40] [41] [42] Again, the best fit is only achieved by the exp-6-8-10 and exp-6 LJ PES, with the former slightly better than the latter. Thus for isotropic interactions, both exp-6-8-10 and exp-6 LJ potentials as listed in Table I should provide excellent description for the interaction between H 2 and graphitic materials, over both the long range attraction and the short range repulsion. It is interesting to notice that the simple formula exp-6 LJ is already sufficient for a good fit to the ab initio results, in which the R −6 part obviously describes the long range interaction, and the exponential part describes the short range. The exp-6-8-10 is a slightly better fit than exp-6 LJ, although the formula is considerably more complex.
C. Reexamination on the confinement of H 2 in graphite
In a recent LDA study, it was suggested that hydrogen molecules could be confined between two graphene layers at high pressure by sandwiching one H 2 between two hexagonal carbon rings. 8 With the new exp-6-8-10 potential, this problem is now reexamined, with the computational details presented in the preceding section. For better comparison, our calculated energetic values are scaled to the periodic cell previously used by Chan et al. which contains two graphene layers with 16 carbon atoms and eight H 2 molecules. 8 For such a system, the free energy change for the process from pure graphite and H 2 to the sandwich structure is calculated by
where E is the energy, p the pressure, V the volume, T the TABLE I. Fitted parameters for exp-6-8-10, exp-6 LJ, and 12-6 LJ potentials.
exp-6-8-10 temperature, and S the entropy. Subscript S labels the sandwich structure, G pure graphite, and H 2 the hydrogen molecule. 8 The results shown in Table III are therefore directly comparable to Table I in Ref. 8 . Among the three terms for ⌬G, the −T⌬S term is almost the same since it is calculated from experimental results in both cases. 25 The p⌬V term is calculated from MD simulation in the current study, and less negative than the previous results, in which the volume of H 2 , V H 2 , was obtained from experiment. However, the difference is small, which indicates that V H 2 can be calculated to reasonable accuracy from MD simulations. The most significant difference is in the ⌬E term, which measures the energy change for the confinement process. At zero pressure and 200 K, ⌬E is endothermic by 0.70 eV in MD results, compared to a much smaller value of 0.14 eV in the previous LDA results. Further analysis shows that the difference of 0.56 eV is largely due to the repulsion between H 2 molecules trapped at the centers of hexagonal rings. The distance between two neighboring H 2 molecules is around 2.4 Å, and the repulsive energy is around 0.08 eV according to experiments 10 and well reproduced by the Silvera-Goldman potential 29 employed in the current study. In contrast, the LDA potential for H 2 -H 2 interaction produces too short an equilibrium distance at 2.89 Å, compared to the experimental value around 3.3 Å. As a result, the H 2 -H 2 repulsion at 2.4 Å is just below 0.01 eV and significantly underestimated. With six unique pairs of H 2 interactions in the unit cell, such repulsive energy is underestimated by 0.42 eV, which accounts for most of the discrepancy ͑0.56 eV͒. Although the shape of the repulsive part of the LDA potential is in reasonable agreement with the ab initio results, as indicated in Fig.  1 for the H 2 -coronene interaction, the equilibrium distance does have a significant impact for the simulation of high density states. The underestimate for the H 2 -H 2 repulsive energy in LDA results is directly responsible for a significant underestimate of the endothermic energy change for the confinement of H 2 between graphite.
With a larger ⌬E, the Gibbs free energy change for H 2 confinement is more difficult than previously estimated by LDA. However, as the pressure increases, ⌬E decreases as the H 2 -graphene repulsion in the sandwich structure increases less than that between graphene layers in graphite, similar to the trend observed in LDA calculations. 8 At the same time, p⌬V becomes more negative with increasing pressure, until it flattens around 2.5 GPa. The −T⌬S term also becomes less endothermic with pressure, mostly due to the decrease of S H 2 . Due to these trends as shown in Fig. 3 , the ⌬G value falls below zero at 200 K when the external pressure reaches 5.5 GPa which is considerably higher than the threshold of 1.5 GPa based on LDA results.
For structural parameters, the distance between two neighboring graphene layers at zero pressure is increased to 5.88 Å from 3.23 Å for pure graphite, and is considerably larger than the value of 5.432 Å of LDA results. 8 This is again due to the shallower potential well and longer equilibrium H 2 -graphene distance in the new potential than those in the LDA potential. The insertion of H 2 also produces an increase of ϳ2% in C-C bond distance. Upon application of pressure, the volume of the system decreases mainly due to the shortening of the layer spacing between graphene ͑ϳ10% ͒, while the C-C bond distance decreases only by ϳ 2%, as shown in Fig. 4 , in which the C-C bond distance and interlayer spacing are plotted against the pressure.
At GPa pressure, it would be difficult to force H 2 between graphene layers in real application, due to kinetic reasons, despite the sign change in ⌬G. However, as pointed out 45 In that case, the volume difference V s − V g would be reduced to almost zero, and correspondingly the p⌬V term is determined simply by −8pV H 2 . Using the numbers presented in Table III and assuming little change in ⌬E, it is roughly estimated that trapping H 2 between the hexagonal rings can then be achieved below 1.5 GPa at 200 K. It should also be pointed out that a precise description of the motion of H 2 molecule usually requires quantum treatment. However the thermodynamic behavior of free H 2 gas around 200 K is essentially classical. Accounting for the weak trapping potential, the quantum correction could change the numbers slightly, but not the main conclusion in the above analysis.
IV. CONCLUSION
The recent high level ab initio results on the interaction between H 2 and graphite as modeled by a coronene molecule cannot be easily fit to a LJ potential, while both exp-6-8-10 and exp-6 LJ potentials can describe both the long range attractive and short range repulsive regions. Such potentials should be useful in the future studies on the interaction between H 2 and graphitic materials, both in the physisorption and the high density-high pressure regimes. A reexamination on the trapping of H 2 in graphite at high pressure, using the new exp-6-8-10 potential, indicates that the critical pressure is considerably higher than that previous obtained by LDA calculation, because the equilibrium distance between two H 2 molecules is underestimated by LDA and therefore the repulsive energy between H 2 molecules in the trapped state is also underestimated. 
